The gram-positive, rod-shaped, soil bacterium Bacillus anthracis is the causative agent of anthrax (31) . When vegetative cells of B. anthracis are deprived of certain essential nutrients, they form dormant spores capable of surviving in harsh environments for many years (15, 22, 34) . Protection from damage is provided in part by three distinct layers that enclose the spore core, in which the genome is located. These layers include a cortex composed of peptidoglycan, a closely apposed proteinaceous coat, and a loosely fitting exosporium (14, 15, 27) . When spores encounter an aqueous environment containing appropriate nutrients, they can germinate and grow as vegetative cells (45) . Anthrax is typically caused by exposure to spores.
Although B. anthracis spores have been studied for many decades, these studies have recently intensified in response to the potential use of B. anthracis spores as a weapon of mass destruction and biological terrorism (10, 24) . Of particular interest has been the outermost layer of the spore, the exosporium, because it is both the target of numerous detection devices and the first point of contact with the immune system of an infected host (8, 18, 38, 48, 50, 56) . The exosporium serves as a semipermeable barrier that excludes large, potentially harmful molecules such as antibodies and hydrolytic enzymes (15, 16) . The exosporium of B. anthracis and closely related species such as Bacillus cereus and Bacillus thuringiensis is a prominent structure comprising a paracrystalline basal layer and an external hair-like nap. The basal layer appears to contain more than a dozen different proteins (37, 47) , whereas the nap is composed of filaments that are apparently formed by a single collagen-like glycoprotein called BclA (5, 51) . The protein component of BclA is the immunodominant antigen on the surface of the B. anthracis spore (46) .
Previously, we showed that multiple copies of an O-linked pentasaccharide are attached to several sites within the central collagen-like region of BclA and that the structure of this oligosaccharide is 2-O-methyl-4-(3-hydroxy-3-methylbutamido)-4,6-dideoxy-␤-D-glucopyranosyl-(133)-␣-L-rhamnopyranosyl-(133)-␣-L-rhamnopyranosyl-(132)-L-rhamnopyranosyl-(13?)-N-acetylgalactosamine (12) . The novel terminal sugar 2-O-methyl-4-(3-hydroxy-3-methylbutamido)-4,6-dideoxy-D-glucose was given the trivial name anthrose. A truncated version of the pentasaccharide, a tetrasaccharide lacking the reducing end GalNAc residue, was chemically synthesized by several groups (11, 29, 41, 55) . The chemically synthesized tetrasaccharide yields nuclear magnetic resonance spectra that are virtually identical to the corresponding tetrasaccharide isolated from the B. anthracis exosporium, validating the originally proposed structure (41) . The synthetic tetrasaccharide was also covalently linked to protein carriers to make conjugate vaccines (29, 42, 55) . Immunization of animals with these vaccines elicited antibodies that bind specifically to B. anthracis spores (29, 53) , providing evidence that the oligosaccharide chains are exposed on the spore surface. Based on a limited analysis of Bacillus spores, it appeared that anthrose-containing oligosaccarides were synthesized only by strains of B. anthracis and therefore anthrose might provide a new target for species-specific detection and therapeutic intervention (12) .
In this report, we propose a plausible enzymatic pathway for anthrose biosynthesis. Within the genomic sequence of B. an-thracis, we located genes that could encode the predicted biosynthetic enzymes. These genes appeared to constitute a fourgene operon and an adjacent, downstream two-gene operon. We constructed mutant strains in which the expression of selected genes of the putative anthrose operons was reduced or eliminated. Characterization of spores produced by the mutant strains showed that the four-gene operon was required for anthrose biosynthesis, while the two-gene operon was not. Additional experiments confirmed the organization of the two operons and indicated that they were transcribed in the mother cell containing the developing spore. Finally, we searched the available Bacillus genomic sequences for the anthrose biosynthetic operon and also measured anthrose levels in spores of selected B. cereus and B. thuringiensis strains. The results indicate that anthrose biosynthesis is more widespread than previously proposed.
MATERIALS AND METHODS
Bacterial strains and plasmids. The Sterne 34F2 veterinary vaccine strain of B. anthracis, which was used as the wild-type and parent strain in this study, was obtained from the U.S. Army Medical Research Institute of Infectious Diseases, Fort Detrick, MD. The Sterne strain is not a human pathogen because it lacks plasmid pXO2, which is necessary to produce the capsule of the vegetative cell (17) . Plasmid pMAD was provided by Michel Débarbouillé, Pasteur Institute, CNRS, Paris. This plasmid contains the thermosensitive replication origin of plasmid pE194, an erythromycin resistance cassette, and a constitutively expressed bgaB gene encoding ␤-galactosidase (1). The shuttle plasmid pCLT1376 was constructed by inserting a copy of the Gateway cassette A (Life Technologies) into the SmaI site of the multiple cloning region of plasmid pMAD. Plasmid pCLT1242 was used in mutant constructions as the source of the spectinomycin resistance cassette (aad9), with its own promoter and transcription terminator. This plasmid was constructed by first amplifying a 1,092-bp region of plasmid pJRS312 (40) , which contains the aad9 gene plus 240 bp of upstream DNA and 90 bp of downstream DNA. The amplification also added BamHI sites at each end of the 1,092-bp region. This fragment was inserted into the unique BamHI site of the cloning vector pCR-Blunt II-TOPO (Invitrogen), creating plasmid pCLT1242.
For complementation analyses, we constructed an Escherichia coli-Bacillus shuttle plasmid that carries the four-gene anthrose operon. The first step in this construction was to digest plasmid pUTE29 (26) with restriction enzyme SphI, isolate the 2.3-kb fragment carrying the ampicillin resistance gene (bla) and the ColE1 origin of replication, and ligate the ends of this fragment to create a small plasmid. This plasmid contains a unique KpnI site, which is located within a multiple cloning site that is also included in the SphI fragment of pUTE29. Into this KpnI site, we inserted the 2.6-kb KpnI fragment of plasmid pUTE610 (39) , which carries the erythromycin resistance gene (erm) and a Bacillus origin of replication from plasmid pBC16. This plasmid, designated pCLT1474, contains sites for restriction enzymes SphI and BamHI (also in the pUTE29 multiple cloning site but distal to the KpnI site). Plasmid pCLT1474 was digested with both SphI and BamHI and then ligated to a 5,672-bp DNA fragment containing the four-gene anthrose operon (from 257 bp upstream of gene 1 to 210 bp downstream of gene 4). This DNA fragment was generated by PCR amplification using B. anthracis Sterne chromosomal DNA as a template and primers that introduced a SphI site at one end and a BamHI site at the other end of the PCR product. The resulting anthrose operon plasmid was designated pCLT1479.
Construction of mutant strains. Recombinant DNA techniques, preparation of plasmid DNA from E. coli, and transformation of E. coli were carried out by standard procedures (3) . Mutants of the B. anthracis Sterne strain were constructed by allelic exchange between the chromosome and a mutant locus carried by the shuttle vector pCLT1376, which does not replicate at 40°C. Mutant constructions created either a deletion-substitution (e.g., ⌬5-6 and ⌬Pro strains) or a simple deletion (all other strains). Note that the six putative anthrose biosynthetic genes are called genes 1 through 6, and the promoter region preceding these genes is designated Pro (described below). For construction of the ⌬5-6 and ⌬Pro strains, PCR was used to amplify approximately 1-kb fragments of B. anthracis chromosomal DNA on either side of the DNA sequence to be deleted. The two PCR products are hereafter referred to as the L-arm and R-arm, which correspond to the upstream and downstream sequences (relative to the direction of transcription of the gene or promoter to be deleted), respectively. In this step, we introduced the sequence 5Ј-CACC at the upstream end of the L-arm, for later use in directional cloning into the vector pENTR/D-TOPO (Invitrogen). In addition, we introduced a common 16-bp sequence, which included a BamHI site, at the downstream end of the L-arm and the upstream end of the R-arm. The L-arm was joined to the R-arm by PCR gene splicing by overlap extension (23) , and the product was inserted into the vector pENTR/ D-TOPO. This intermediate plasmid, termed "pLR", was transformed into E. coli strain TOP 10 (Invitrogen). Next, we digested a sample of plasmid pCLT1242 with BamHI and purified the fragment containing the spectinomycin resistance cassette. This fragment was inserted into the BamHI site of plasmid pLR to create a second intermediate plasmid termed "pLSR", which was transformed into E. coli strain DH5␣. The region of plasmid pLSR starting from the upstream end of the L-arm and ending at the downstream end of the R-arm was introduced into the shuttle plasmid pCLT1376 by in vitro site-specific recombination using LR Clonase as directed by the manufacturer (Invitrogen). The resulting plasmid, a third intermediate plasmid termed "pCLT1376/LSR", was transformed into the methylation-deficient E. coli strain GM2163 (dam-13::Tn9 dcm-6). Unmethylated plasmid DNA was purified from a transformant and then introduced by electroporation into the B. anthracis Sterne strain. These cells were spread onto LB plates containing 40 g/ml X-Gal (5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside) and 200 g/ml spectinomycin, and the plates were incubated for 2 days at 30°C. A few (i.e., two to four) blue colonies of spectinomycin-resistant cells were picked and streaked onto LB plates containing X-Gal, spectinomycin, and erythromycin (2 g/ml), and the plates were incubated for 2 days at 30°C. A few (i.e., two to four) blue colonies from these plates were picked, and each was used to inoculate separate flasks containing 20 ml of LB with spectinomycin (200 g/ml). The cultures were grown for Ն4 h at 40°C. Two more cycles of growth, under the same conditions, were carried out after diluting a grown culture (1:20) into fresh medium. Each final culture, which had been incubated overnight, was heated to 70°C for 15 min to kill vegetative cells. Diluted samples of the surviving spores from each culture were spread onto LB plates containing X-Gal and spectinomycin, and the plates were incubated overnight at 37°C. A selected white colony was shown to be erythromycin sensitive and, by PCR analysis and DNA sequencing, to possess the desired mutation.
For the construction of ⌬1, ⌬2, ⌬3, and ⌬4 strains, we employed the same protocol as described above with the following modifications. The intermediate plasmid pLSR was constructed with the spectinomycin resistance cassette inserted into an intergenic region outside of the two putative anthrose operons. For the ⌬1 and ⌬2 strains, the cassette was inserted 257 bp upstream of the start codon of gene 1, which is upstream of both putative E promoters. For the ⌬3 and ⌬4 strains, the cassette was inserted 210 bp downstream of the stop codon of gene 4, which is between the transcription terminator following gene 4 and the putative E promoter preceding gene 5. These pLSR plasmids were then used as PCR templates to introduce an in-frame deletion within either gene 1, 2, 3, or 4. The deletion-containing plasmids were used for in vitro site-specific recombination to introduce each mutant locus into plasmid pCLT1376. The DNA deleted in these constructions includes codons 11 to 253 of 263 for the ⌬1 mutation, codons 10 to 834 of 851 for the ⌬2 mutation, codons 10 to 368 of 376 for the ⌬3 mutation, and codons 10 to 177 of 188 for the ⌬4 mutation.
Complementation analysis. The mutations in the ⌬2, ⌬3, and ⌬4 strains were complemented with a plasmid (i.e., pCLT1479) carrying the gene 1-to-4 operon. Initially, this plasmid was transformed into E. coli strain GM2163 (dam-13::Tn9 dcm-6), and the resulting transformant was used to prepare unmethylated plasmid. This plasmid was introduced by electroporation into each mutant strain of B. anthracis, with selection for erythromycin resistance.
Preparation of spores and sporulating cells. Spores were prepared by growing a B. anthracis strain at 37°C in liquid Difco sporulation medium with shaking until sporulation was complete, typically 48 h (35). Spores were collected by centrifugation, washed extensively with cold (4°C) sterile deionized water, sedimented through a two-step gradient of 20% and 50% Renografin (Bracco Diagnostics), and extensively washed again with cold water (21) . Spores were stored and quantitated as previously described (46) . Sporulating cells were obtained from cultures grown in liquid Difco sporulation medium at 37°C with shaking and harvested by centrifugation at 10,000 ϫ g for 10 min at 4°C. Culture density was measured spectrophotometrically at 600 nm, and spore development was monitored by phase-contrast microscopy.
Isolation of cellular RNA. Cellular RNA was isolated from sporulating cells by using a hot phenol extraction procedure essentially as previously described (57) . For dense cultures (i.e., optical density at 600 nm [OD 600 ] of Ն1), only half the standard volume of culture was processed. The isolated RNA was then treated with RNase-free DNase (Qiagen) according to the manufacturer's protocol. DNase was removed from samples by extraction with an equal volume of phenol VOL. 190, 2008 ANTHROSE OPERON OF BACILLUS ANTHRACIS 2351 (pH 4.5)-chloroform-isoamyl alcohol (25:24:1) followed by extraction with an equal volume of chloroform-isoamyl alcohol (24:1). The aqueous phase of this sample was collected. RNA was precipitated by adding 0.1 volume of 3 M sodium acetate (pH 5.2) and 2.5 volumes of 95% ethanol and incubating the sample at Ϫ70°C for at least 2 h. The RNA was collected by centrifugation, washed with 70% ethanol, dried under vacuum, and dissolved in DNase/RNase-free water (Gibco). RNA concentrations were calculated from OD 260 , and the quality of RNA was checked by agarose gel electrophoresis. SUPERase-In RNase inhibitor (Ambion) was added to the RNA sample to prevent degradation. The final concentration of the inhibitor was 0.8 U/l. RT-PCR and Northern blot analysis. Specific transcripts in isolated cellular RNA were detected by standard one-step reverse transcription-PCR (RT-PCR), while transcript levels were measured more precisely by quantitative two-step RT-PCR. In each procedure, gene-specific DNA primers were designed to amplify approximately 0.5 to 1.2 kb of the target sequence. One-step RT-PCR was performed using the SuperScript III system with Platinum Taq High Fidelity as directed by the manufacturer (Invitrogen). Each reaction mixture (total volume of 20 l) contained 200 ng of cellular RNA, and the amplification reactions were run for 25 cycles. For detection of the reference (and abundant) bclA transcripts, only 50 ng of cellular RNA and 15 cycles of PCR amplification were used. PCR products were analyzed by electrophoreses in a 1.3% agarose gel-Tris-acetate-EDTA (TAE) buffer and visualized by staining with ethidium bromide. For quantitative two-step RT-PCR, SuperScript III reverse transcriptase and 500 ng of cellular RNA in a 20-l reaction mixture were used to synthesize cDNA according to the protocol provided by Invitrogen. The cDNA was diluted 200-fold, and 1 l of this sample was added to a 20-l reaction mixture containing Iproof high-fidelity DNA polymerase (Bio-Rad). PCR amplification for 25 cycles was performed according to the manufacturer's instructions. The DNA products were analyzed by electrophoresis in a 1.3% agarose gel-TAE buffer and stained with ethidium bromide. The intensity of each DNA band was measured by densitometry. For each primer set, we verified that cellular transcript levels were directly proportional to staining intensity under the conditions employed (data not shown). Thus, it is possible to directly compare the levels of a particular transcript in different (in this case, the wild type and ⌬Pro) strains.
Northern blot analysis was performed essentially as previously described. Briefly, transcripts in 30 g of cellular RNA were separated on a 3.1% (vol/vol) formaldehyde-1% (wt/vol) agarose gel using MOPS (morpholinepropanesulfonic acid) running buffer (43) . The RNA was transferred to a Hybond-N ϩ membrane (Amersham) and fixed to the membrane by UV cross-linking (43) . The membrane was treated with sodium dodecyl sulfate to block nonspecific binding sites, immersed in a hybridization buffer containing an approximately 1-kb genespecific 32 P-labeled RNA probe, and washed to remove free probe according to the instruction manual for Zeta-Probe blotting (Bio-Rad). Radiolabeled transcript bands were detected by autoradiography. The 32 P-labeled RNA probes used for Northern blotting were synthesized using T7 RNA polymerase (GE Healthcare) and [␣- 32 P]UTP as the radiolabeled substrate following the protocol provided by the manufacturer, except that the reaction time was 60 min. The DNA template in the polymerization reaction mixture was removed by treating the sample with RNase-free DNase I (Roche) under the conditions recommended by the supplier.
Monosaccharide analysis. Methanolysis was carried out on dried samples of spores by resuspending them in 0.4 ml 1.5 N methanolic-HCl and placing the suspension in a heating block at 80°C for 16 h. The methanolic HCl was freshly prepared by carefully adding 0.5 ml acetyl chloride to 4.5 ml of cold (Ϫ70°C) methanol and then allowing the mixture to warm up and react for at least 30 min prior to use. After methanolysis, the samples were dried by vacuum centrifugation. Amino sugars in the samples were re-N-acetylated by dissolving the dried residues in 200 l methanol and adding 20 l acetic anhydride followed by 20 l pyridine. After 30 min at room temperature, the samples were dried under vacuum, redissolved in 100 ml of methanol, and transferred to glass conical inserts of gas chromatography (GC) sample vials. After evaporating to dryness by vacuum centrifugation, the samples were trimethylsilylated by dissolving them in 50 l of Tri-Sil (Pierce Chemical Co., Rockford, IL). The reaction products were analyzed on a gas-liquid chromatograph/mass spectrometer (GLC/MS) (Varian 4000; Varian, Inc., Palo Alto, CA) fitted with a 30-m VF-5 capillary column. Column temperature was maintained at 100°C for 5 min and then increased to 275°C at 20°C/min and finally held at 275°C for 5 min. The effluent was analyzed by MS using the CI mode with acetonitrile as the reagent gas.
RESULTS

A plausible enzymatic pathway for anthrose biosynthesis.
To gain insight into the biosynthesis of anthrose and eventually identify the enzymes and genes involved in anthrose synthesis, we devised a plausible anthrose biosynthetic pathway, which is illustrated in Fig. 1 . We predicted that a key step in anthrose biosynthesis would be the addition of an amino group to the C-4 position of the sugar ring. Because deoxyamino sugars are usually formed by the transamination of a keto group in the sugar ring with an amino group derived from glutamine or glutamate (33), we predicted that the keto sugar is dTDP-4-keto-6-deoxy-␣-D-glucose, an intermediate in the biosynthesis of rhamnose. Such a reaction would be catalyzed by a deoxysugar 4-aminotransferase. The amino group of anthrose is substituted with a branched-chain 5-carbon acyl group. Because acylation of amino nitrogens often involves an acyl coenzyme A (acyl-CoA), we predicted that 3-hydroxyl-3-methyl-butyrl-CoA is utilized in anthrose biosynthesis. This reaction would be catalyzed by a specific acyltransferase. We further proposed that 3-hydroxyl-3-methyl-butyrl-CoA is formed by the addition of water to methylcrotonyl-CoA, catalyzed by an enoyl-CoA hydratase. The methylcrotonyl-CoA, in turn, could be derived from leucine catabolism, as shown in Fig. 1 (28) . Although the O methylation of the hydroxyl group at C-2 is shown as the last step in anthrose biosynthesis (Fig. 1) , it could also occur before acylation of the amino nitrogen.
Identification of genes that could encode anthrose biosynthetic enzymes. Since the genes encoding enzymes involved in the biosynthesis of a particular sugar are often contiguous, we attempted to identify a cluster of genes that could encode the predicted anthrose biosynthetic enzymes. We initially searched the sequenced genome of the Sterne strain of B. anthracis for genes encoding putative aminotransferases. Several genes were found and one, designated BAS3320 (25) , encodes a protein that exhibits 26% amino acid identity and 46% amino acid similarity to a known 4-aminotransferase (i.e., perosamine synthase) of Vibrio cholerae (49) . Flanking BAS3320, we found three genes that might encode other enzymes in the predicted biosynthetic pathway (Fig. 2 ). BAS3319 encodes a putative acyltransferase (actually annotated as an O-acetyltransferase), which could catalyze the transfer of a 3-hydroxy-3-methylbutamido group to the amino sugar. BAS3318 encodes a putative methyltransferase, which could catalyze the O methylation of the hydroxyl group at C-2. BAS3322 encodes an enoyl-CoA hydratase, an enzyme predicted to be involved in the biosynthesis of the side chain of anthrose.
In addition, this genomic region contains two genes, BAS3321 and BAS3317, which apparently encode glycosyltransferases (Fig. 2) . These enzymes could be involved in the polymerization of the anthrose-containing pentasaccharide or its attachment to BclA. All six genes of the BAS3317 to -3322 gene cluster are oriented in the same direction, suggesting cotranscription of some or all of the genes. This cluster is flanked upstream by a collagenase-encoding gene, BAS3323, and a downstream gene of unknown function, BAS3316 (Fig. 2) . Although the latter two genes are transcribed in the same direction as the BAS3317 to -3322 cluster, they are separated from this cluster by likely transcription terminators. Bacillus transcription terminators, which are almost always intrinsic terminators (2), can be readily identified as DNA sequences that specify an RNA hairpin, typically GϩC-rich with a stem of 9 Ϯ 2 bp, followed immediately by a Ն8-residue uridine-rich tract (13) . For simplicity, genes BAS3322 through BAS3317 will hereafter be referred to as genes 1 through 6, as shown in Fig. 2 .
Identification of possible promoters and transcription terminators for the putative anthrose biosynthetic genes. We inspected the genomic region containing genes 1 to 6 for sequences of possible promoters and intrinsic transcription terminators (25) . Between the predicted transcription terminator of the collagenase-encoding gene (i.e., BAS3323) and gene 1, we identified two possible promoters with sequences closely resembling those recognized by the mother cell-specific sigma factor E ( Fig. 3 ) (20) . We expected that the genes encoding the anthrose biosynthetic enzymes would be transcribed from a mother cell-specific promoter because the mother cell produces the components of the exosporium (21) . We also identified one possible E -specific promoter within the relatively long intergenic region between genes 4 and 5. We did not find sequences closely resembling other types of Bacillus promoters in our search. Additionally, we located two sequences of likely intrinsic transcription terminators (Fig. 3) . The first is situated immediately downstream of gene 4 (i.e., upstream of the promoter between genes 4 and 5), and the second is situated immediately downstream of gene 6. These results suggest that genes 1 to 4 and genes 5 and 6 constitute two operons transcribed from E -specific promoters. It is also worth noting that the intergenic regions within the predicted gene 1-to-4 operon are very short or, as in the case of genes 3 and 4, nonexistent. In the latter case, the genes overlap by 5 bp. Such overlapping reading frames are common for operons in B. anthracis (25) . Each gene of the predicted 1-to-4 operon is preceded by a sequence resembling a strong ribosome binding site (54) . These features are consistent with a gene 1-to-4 operon. In the case of the predicted gene 5-6 operon, the intergenic spacing is relatively long and there do not appear to be strong ribosome binding sites preceding the annotated open reading frames (25) . For gene 5, however, the sixth codon of the annotated open reading frame is an ATG codon, which is preceded by a possible ribosome binding site. Therefore, the open reading frame of gene 5 is probably slightly shorter than annotated. We were unable to find an alternative ribosome binding site for gene 6 .
Construction of mutations inactivating putative anthrose biosynthetic genes. To determine the roles of genes 1 through 6 in anthrose biosynthesis, we constructed by allelic replacement six mutant B. anthracis strains containing chromosomal deletions that remove selected genes and promoters. Four strains contain an in-frame deletion that removes nearly all of either gene 1, 2, 3, or 4. Another strain contains a deletion that removes the DNA between the first codon of gene 5 and the last codon of gene 6. The final strain contains a deletion that removes 180 bp upstream and 8 bp downstream of the start codon of gene 1. This deletion removes both putative Especific promoters upstream of gene 1. The six mutations and corresponding strains are designated ⌬1 through ⌬4, ⌬5-6, and ⌬Pro, respectively. The selectable marker in each construction was a spectinomycin-resistant cassette. For the ⌬1 through ⌬4 strains, this cassette was inserted into an intergenic region outside of the two putative anthrose operons. For the ⌬5-6 and ⌬Pro strains, the cassette replaced the deleted DNA. A detailed description of mutant constructions is given in Materials and Methods. The mutations had no effect on cell growth or sporulation (data not shown).
Effects of the mutations on anthrose biosynthesis. We prepared purified spores produced by the six mutant strains and, as a control, the wild-type strain. Anthrose levels of the spores were measured using GC/MS. Rhamnose levels, which do not appear to be significantly affected by the mutations described above, were also measured as an internal standard. The glycoconjugates in the spores were depolymerized by methanolysis, and after N reacetylation of the amino sugars, the resulting methyl glycosides were converted to volatile trimethylsilyl (TMS) derivatives. GC/MS of the mixtures gave chromatograms containing a large number of peaks with characteristic retention times and mass spectra corresponding to the sugar derivatives (and several other volatile components). Mass spectra of the peaks obtained using electron ionization of the compounds showed extensive fragmentation, with small, relatively common fragment ions. However, to minimize fragmentation of derivatized compounds and obtain more specific relatively high-mass-fragment ions, we used chemical ionization (CI) with acetonitrile as the reagent gas. This resulted in base peaks corresponding to the molecular ion of the derivative with a loss of methanol. Thus the positive-ion CI spectrum of anthrose shows a molecular ion at m/z 436 and a base peak at m/z 404 (M Ϫ methanol) (Fig. 4) . Single-ion monitoring (SIM) of m/z 404 exhibits a high sensitivity for anthrose peaks, since other sugar derivatives yield few or no m/z 404 fragment ions. Similarly, SIM of m/z 363 can be used to identify rhamnose peaks.
The GC/MS analyses of the wild-type and mutant spores are shown in Fig. 5 . SIM of the m/z 363 (rhamnose) and 404 (anthrose) ions for all spores is displayed. The results show that anthrose is undetectable in ⌬2, ⌬3, and ⌬4 spores, indicating that the corresponding genes are essential for anthrose synthesis. In contrast, the level of anthrose in ⌬1 spores was approximately half of that detected in wild-type spores. Apparently, the activity encoded by gene 1 is involved in-but not essential for-anthrose synthesis. The level of anthrose in ⌬5-6 spores was essentially the same as that in wild-type spores. Thus, genes 5 and 6 do not appear to be directly involved in anthrose synthesis. Finally, the level of anthrose in ⌬Pro spores was reduced to approximately 4% of the wild-type level. This residual anthrose synthesis is presumably due to low-level readthrough transcription of genes 1 through 4 from an uncharacterized upstream promoter (see below).
Complementation of mutations. By design, the in-frame deletions used to inactivate putative anthrose biosynthetic genes do not create untranslated regions in the polycistronic mRNAs specified by the mutated operon. Therefore, these mutations will not cause Rho-mediated transcription polarity (36) . Consistent with this expectation, spores produced by the ⌬1 strain contained substantial levels of anthrose, indicating high-level expression of genes 2, 3, and 4. However, this experimental design does not preclude the possibility that secondary mutations (separate from the mutated operon) arise during mutant construction and that these secondary mutations are actually responsible for the absence of anthrose in ⌬2, ⌬3, and ⌬4 spores. To rule out this possibility, we introduced plasmid pCLT1479, which carries the gene 1-to-4 operon, into strains ⌬2, ⌬3, and ⌬4. We also introduced this plasmid into the Sterne strain to create an isogenic wild-type control strain. The four transformants were then used to prepare purified spores, and the level of anthrose in each spore type was measured as described above. The results showed that anthrose levels were essentially identical in the ⌬2, ⌬3, ⌬4, and wild-type spores and that these levels were similar to those measured in untransformed wild-type spores (Fig. 5) (data not shown) . Thus, the absence of anthrose in ⌬2, ⌬3, and ⌬4 spores is due to a mutation within the gene 1-to-4 operon.
Establishing the number of genes in the putative operons. The inspection of genomic sequences and our mutational analyses suggest that genes 1 to 6 constitute two operons, one containing genes 1 to 4 and the other genes 5 and 6. Apparent E -specific promoters precede each putative operon, and potential intrinsic transcription terminators are downstream of genes 4 and 6. However, the terminator downstream of gene 4 is atypical, in that it has a terminator hairpin with an unusually long stem. This feature would likely reduce the efficiency of the terminator (13, 58) . To determine whether genes 1 to 6 are indeed organized into two operons, we examined the transcripts specified by genes 1 to 6 in sporulating cells.
Initially, we established the time of appearance of transcripts specified by the two putative operons. Specifically, we used RT-PCR and primers specific for gene 1, 4, 5, or 6 to detect transcripts in cells at selected times during growth and sporulation. The results show an essentially identical pattern of appearance for all four genes (Fig. 6 , with T n indicating the time in hours relative to the nominal start of sporulation). Transcripts were first detected at approximately T 0 , transcript levels peaked at T 2 , and transcripts were no longer detectable after T 5 . For reference, we also determined the time of appearance of transcripts specified by the bclA operon, which is apparently transcribed from a K -specific promoter (46) . The bclA transcripts were first detected approximately 2 h later than those of the putative operons. In the mother cell, E is expressed early and K is expressed late in sporulation. Thus, our results are consistent with transcription of the putative anthrose operon(s) from one or more E -specific promoters. To demonstrate independent transcription of the gene 1-to-4 and gene 5-6 operons, we used quantitative RT-PCR, with primer sets specific for each gene, to measure transcript levels in wild-type and ⌬Pro cells harvested at time T 2 during sporulation (Fig. 7) . The results show that the ⌬Pro mutation, which deletes the putative E -specific promoters preceding gene 1, greatly reduces transcription of all genes in the gene 1-to-4 operon. In contrast, the ⌬Pro mutation has no measurable effect on the level of transcripts specified by genes 5 and 6. These results are consistent with two independent operons. However, in wild-type cells we also detected low levels of transcripts specified by the junction region between genes 4 and 5. This junction region includes sequences upstream and Further confirmation that genes 1 to 4 and genes 5 and 6 form separate operons was provided by Northern blot analyses. In these experiments, we used 32 P-labeled RNA probes specific for gene 3 or gene 6 and transcripts from wild-type and ⌬Pro cells at stage T 2 of sporulation (Fig. 8) . The Northern blot with the gene 3 probe and wild-type transcripts revealed a major band of 5.5 kb and a minor band of 8.3 kb. These sizes correspond to those predicted for full-length transcripts initiated at the promoter(s) upstream of gene 1 and terminated at the intrinsic terminators downstream of gene 4 and gene 6, respectively. Consistent with these assignments, both bands were absent when transcripts from ⌬Pro cells were analyzed. The Northern blot with the gene 6 probe again showed a minor 8.3-kb band that was present in transcripts from wild-type cells but absent from transcripts from ⌬Pro cells. This result confirmed that the 8.3-kb band contained gene 1-to-6 transcripts. A 5.5-kb band was not detected with the gene 6 probe, indicating that this band indeed contained gene 1-to-4 transcripts. The analysis with the gene 6 probe also revealed a major 2.5-kb band, which was present in transcripts from both wild-type and ⌬Pro cells. This result indicates that this band corresponds to gene 5-6 transcripts. Taken together, our results provide strong evidence for separate gene 1-to-4 and gene 5-6 operons, with minor readthrough transcription at the intrinsic terminator downstream of gene 4. (Note that the source of the ϳ2.5-kb bands in the wild-type blot with the G3 probe [ Fig. 8 ] is not known, but they may be degradation products.)
Distribution of the anthrose operon and biosynthesis of anthrose in other Bacillus species. Our results indicate that the gene 1-to-4 operon, or at least the last three genes of this operon, are essential for anthrose biosynthesis. A search of other available genomic sequences for this operon revealed that all four of the B. anthracis strains with sequenced genomes contain an identical anthrose biosynthetic operon, from the promoter region through the transcription terminator (25) . Unexpectedly, we found some strains of B. cereus (i.e., E33L) and B. thuringiensis (i.e., Al Hakam and 97-27) with apparent anthrose operons that were nearly identical to the operon of B. anthracis. This near identity extended from the promoter region through the transcription terminator. For example, the encoded sequences of the anthrose biosynthetic enzymes of these strains are 97 to 100% identical to the corresponding B. anthracis enzymes (Table 1) . We also found three other strains (i.e., B. cereus 14579, 10987, and G9241) with operons similar to the anthrose operon of B. anthracis in terms of gene order and in that genes 2 to 4 encode enzymes that are 80 to 84% identical to the corresponding B. anthracis enzymes (Table 1) . However, these operons have promoter and terminator regions that are unrelated to those of B. anthracis, and they contain a gene 1 that encodes a 382-amino-acid protein with no recognizable similarity to the 263-amino-acid enzyme 1 of B. anthracis. The absence of the 263-amino-acid enzyme 1 does not preclude anthrose production, though, because we found that it is not essential for anthrose biosynthesis in B. anthracis.
To directly determine the ability of B. cereus and B. thuringiensis strains to synthesize anthrose, we measured the levels of anthrose in spores produced by B. thuringiensis Al Hakam, B. cereus D17 (Fri-13) , B. thuringiensis subsp. kurstaki, and B. cereus T (Fig. 9) . The first two strains have apparent anthrose operons nearly identical to the B. anthracis operon, while the last two strains contain operons encoding the 382-amino-acid enzyme 1 (Table 1) . Additionally, it had previously been reported that spores of the last two strains did not contain anthrose (12) . The GC/MS analyses of the strains showed that spores of B. thuringiensis Al Hakam contained approximately half the amount of anthrose found in B. anthracis spores. On the other hand, spores of B. cereus D17 (Fri-13) were devoid of anthrose. However, the B. cereus D17 spores also lacked rhamnose (Fig. 9) , which may be directly related to the absence of anthrose as discussed below. Surprisingly, small anthrose peaks were also present in the selected ion chromatograms of B. thuringiensis subsp. kurstaki and B. cereus T spores (Fig. 9   FIG. 8 . Detection of full-length transcripts specified by the anthrose (gene 1-to-4) and downstream operons. Transcripts were isolated from sporulating (T 2 ) cells of the wild-type (WT) and ⌬Pro (⌬P) strains. An equal amount of RNA from each strain was used for Northern blot analysis, and the probes were specific for genes (G) 3 and 6. Transcripts that appeared to read through both operons (G1-6), the anthrose operon (G1-4) , or the downstream operon (G5-6) are indicated. and Table 1 ). The mass spectra of these small peaks were identical to the spectrum of anthrose (Fig. 4) , which confirmed their identification.
DISCUSSION
For many years, it was thought that bacteria were unable to glycosylate proteins. However, in the last decade numerous studies have provided clear evidence for covalent attachment of carbohydrates to bacterial proteins (4, 30, 52) . Several different functions for glycosylation of bacterial proteins have been proposed, including the maintenance of protein conformation, heat stability, surface recognition, resistance to proteolysis, enzymatic activity, cell adhesion, agglutination, inhibition of ice nucleation, and immune evasion (32, 44) . In the case of BclA of B. anthracis, glycosylation is apparently required for maintaining protein conformation, resistance to proteolysis, cell adhesion, and surface recognition (5) (6) (7) 47) . The anthrosecontaining pentasaccharide attached at multiple sites within the collagen-like region of BclA is likely to play a critical role in these functions. This raises the obvious and interesting question: what is the role of the unusual sugar anthrose? The fact that B. anthracis maintains the ability to synthesize this complicated sugar, even in starving cells, suggests that anthrose performs a key function in spore survival or propagation of the bacterium.
To help elucidate the importance of anthrose, we investigated its biosynthesis. We predicted a plausible pathway for anthrose biosynthesis that requires four enzymatic activities commonly found in bacteria, (i.e., enoyl-CoA hydratase, deoxysugar aminotransferase, acyltransferase, and O-methyltransferase). Based on our hypothetical pathway, we located in the B. anthracis genomic sequence a cluster of six similarly oriented genes that could encode the four predicted enzymes and two putative glycosyltransferases. We showed experimentally that this gene cluster includes a four-gene (genes 1 to 4) operon and a downstream two-gene (genes 5 and 6) operon, each encoding one of the glycosyltransferases. Additional experiments indicated that these operons were transcribed from promoters recognized by the mother cell-specific sigma factor E , consistent with their predicted roles within the mother cell compartment.
To confirm the predicted roles of the putative biosynthetic genes, we constructed B. anthracis strains carrying in-frame deletions that inactivate a particular gene (or genes) and then measured anthrose levels in spores produced by these mutant strains. As predicted, inactivation of either gene 3 or gene 4 results in spores devoid of anthrose, indicating that their encoded enzymes (i.e., deoxysugar aminotransferase and acyl- (25) . Another possibility is that the predicted hydration reaction occurs, at least to some extent, nonenzymatically. Based on the clear involvement in anthrose biosynthesis or transfer of each gene in the gene 1-to-4 operon, we propose that this operon be designated the antABCD operon. Unexpectedly, deletion of the entire two-gene operon did not have a significant effect on the anthrose content of spores, indicating that genes 5 and 6 do not play an essential role in the biosynthesis of anthrose. If gene 5 does not encode the enzyme required for O methylation at position C-2 of anthrose, this methyltransferase must be encoded elsewhere in the genome. An alternative interpretation is that genes 5 and 6 are involved in anthrose biosynthesis, but their inactivation is complemented fully by other genes in the cell. Additional experiments will be required to resolve this issue.
Using the antABCD operon as a probe, we searched all available genomic sequences (25) . Matches were found in the genomes of all nine B. anthracis, B. cereus, and B. thuringiensis strains in the database (not counting B. anthracis Sterne), but not in the genomes of any other bacteria. The three B. anthracis genomes contain antABCD operons and also gene 5-6 operons that are identical to the corresponding operons in the Sterne strain. Strains B. cereus E33L, B. thuringiensis Al Hakam, and B. thuringiensis 97-27 were found to contain apparent antABCD and gene 5-6 operons that are nearly identical (Ն97% at the protein level) to the corresponding operons of B. anthracis. The remaining matches were somewhat more limited (i.e., 80 to 84% identity to the proteins encoded by genes 2, 3, and 4 and no sequence similarity elsewhere) and were found in the genomes of B. cereus strains 14579, 10987, and G9241. These observations suggested that anthrose biosynthesis is not restricted to B. anthracis.
To test this hypothesis, we screened four strains for their ability to produce spores containing anthrose. Two of these strains were B. thuringiensis Al Hakam and B. cereus D-17, both exhibiting Ն97% identity (at the protein level) to the antABCD operon and among the nearest relatives to B. anthracis (9, 19) . We found that spores of B. thuringiensis Al Hakam contain a high level of anthrose, nearly half that of B. anthracis wild-type spores. This discovery provides clear evidence that a strain other than B. anthracis is able to synthesize anthrose. In contrast, spores of strain B. cereus D-17 were devoid of anthrose, suggesting that this strain could not synthesize this sugar. However, an alternative explanation was suggested by the observation that B. cereus D-17 spores also lack rhamnose. Rhamnose is the sugar to which anthrose is attached during oligosaccharide polymerization in B. anthracis, and rhamnose-deficient strains are unable to incorporate anthrose into spore-bound oligosaccharides (12) . Perhaps a similar situation exists with B. cereus D-17; i.e., anthrose is made but not incorporated into the spore. The other two strains in our screen were B. thuringiensis subsp. kurstaki and B. cereus T, both of which possess a partial match to antABCD similar to that of B. cereus strains 14579, 10987, and G9241. We had previously reported that these strains produce spores lacking anthrose (12) , and they were initially included in the screen as negative controls. However, we detected anthrose in spores of both strains, albeit at very lower levels (i.e., Յ8% of the level in B. anthracis spores). These levels were too low to be detected with the assay used in our earlier study. Thus, even strains carrying a highly divergent antABCD locus are capable of anthrose synthesis. More importantly, these results suggest that anthrose synthesis can occur in a wide variety of B. cereus and B. thuringiensis strains.
A wider distribution of anthrose may not eliminate it as a useful marker for detection of B. anthracis spores or as a target for therapeutic intervention of anthrax. It appears that high levels of anthrose are found only in spores of B. anthracis and of the nominal B. cereus and B. thuringiensis strains that are members of the B. anthracis lineage (19) . These strains share virulence phenotypes, including the ability to cause severe disease in humans (19) . Therefore, it would be important to detect spores of all of these pathogens. The obvious requirement is the ability to discriminate between spores with high and low levels of anthrose. The potential use of anthrose as a target for therapeutic intervention has not yet been studied.
